ABSTRACT. The purpose of this research is to separate different morphological particles of ASTM class F fly ash, and study their effect on mechanical behaviour and durability of high volume cementitious mixtures. In this research wet separation of raw fly ash is carried out, which resulted in three layers of different morphological particles. The first layer of particles float, comprise of about 1-5% of fly ash, is identified as cenospheres or hollow spheres. The second layer of particles is measured to be 55-60% of raw fly ash and consisting of porous spherical and rounded particles rich in Si and Al. The third layer particles is measured to be about 35-40% of raw fly ash. High volume fly ash cementitious composites containing second or third layer particles are tested under compression and bending, highlighting a higher strength and ductility in comparison to cementitious ones containing raw fly ash particles.
INTRODUCTION
ly ash produced from combusting coal is generated in excess of 750 million tons globally and at current coal combustion rate the world coal reserves will still last for about 150 more years [1] [2] . Landfilling of fly ash was considered a viable solution, but new legislations in the world are increasing the costs of landfills. Thereby energy companies are themselves encouraging the research on fly ash not, only to reutilize the everyday produced fly ash, but as F well as to reuse the already disposed fly ash [3] . Fly ash, which used to be known as a waste, is recognized as a useful chemical substance and it is a REACH registered product, having several useful applications [4] [5] [6] [7] . There are about 861 billion tonnes of coal reserves in the world of which half consists of brown coal deposits [8] [9] . Morphology of fly ash is highly affected by the source of pulverised coal and amount of water present in the pores of the coal particles, which are combusted to produce it [10] . Morphology of fly ash consists of pseudo spheres and irregular particles containing: aluminium, silicon, calcium, iron, carbon from unburned coal, and lesser abundance of other twenty six elements, mostly consisting of heavy metals and some rare earth elements [11] [12] . Different morphological and rich chemical composition possessed by fly ash are a hurdle for its own utilization in certain applications, where one part of it is more desirable than others, which can be resolved by separating its particles by some technique [13] . Therefore, separation of particles of fly ash is required in finding new applications. Various studies have been carried out to extract and analyse hollow spheres which float on the surface of water, when wet separation methods are employed. Kolay and Singh [14] and Ngu et al. [15] carried out studies on physico-chemicomineralogical properties of hollow spheres recovered from surface of fly ash lagoons, separated by water. They showed the presence of oxides of Si, Al, and Fe to be between 50-60%, 30-35%, and 5-10% respectively. Kolay and Bhusal [16] obtained cenospheres / hollow spheres of two different densities by wet separation using water and Lithium Metatungstate solution, the later employed in order to recover some percentage of hollow spheres even contained in the sinked part during water separation. Such microspheres represent about 70 to 75% of fly ash, depending on: origin of coal, combustion method, and cooling rate [17] . Over of these microspheres, hollow spheres, which have densities less than water, are recovered from top of water surface by sink float method. About 1-5% of the fly ash is hollow spheres [17] [18] . ASTM C618 classifies fly ashes according to their chemical composition in two types: Class C and Class F [19] . Class C fly ashes are characterized by the fact that when added to water react and rapidly harden, whereas this phenomenon is not observed for Class F fly ashes [16] . The later type is characterised by a separation of its particles based on their densities, when mixed in water. It is well known that finer and amorphous materials are able to accelerate the pozzolanic reaction in order to improve the strength characteristics of mortars and concretes [20] . The pozzolanic reactivity of pulverized coal fly ash is due to the presence of active silica and alumina, which initiates pozzolanic reaction by reacting with calcium hydroxide, derives from cement hydration [21] . However due to larger size of raw fly ash particles as compared to cement particles, concrete and mortar strength is not significant increases if high volume fly ash is used. Therefore, efforts are made in order to obtain finer particles, such as for example air classifier systems [22] or wet separation systems. Usually with the air classification methods two types of products are obtained: underflow and overflow products, or coarse and fine products [23] . Air classifiers have some drawbacks [24] . Firstly, the percentage of overflow / fine products recovered is very low, while significant percentages of underflow / coarse products are produced simultaneously [25] . Secondly, the yield of overflow / fine products is very low. Thirdly, the cost of air classification machines is considerably high [25] . The strength and durability of cementitious structures are important properties since they define the service life of the structure [26] . As a matter of fact, finer particles of fly ash, due to their smaller particle size and larger surface area, have the ability to increase strengths and increase long-term durability in cementitious materials [27] . Studies regarding effects of fly ash on strength and durability of cementitious structures are available in literature [28] [29] [30] . The use of fly ash to replace cement in cementitious materials reduces the consumption of cement and thereby reduces CO 2 emissions related to cement production [31, 32] . Fly ash has several uses, but still its global utilization is 25% of the world's fly ash production [33] . However, there are some obstacles for utilizing fly ash in large volumes in cementitious composites, such as slow development of strength, quality and composition of fly ash, setting time issues etc. [34] . Furthermore, it is not clearly known how ASTM Class F fly ashes affect strength, and resistance to ingress of chemical when added in large volumes in cementitious materials. Most of the studies that have been carried out on wet separation of ASTM Class F brown coal fly ash using water focus on the hollow spheres, which float on the water surface being a minute fraction of the particles in fly ash. A detailed physical, morphological, chemical, and mineralogical analysis on remaining 95-99% of the fly ash which sinks in water after wet separation is not available in the literature. Therefore, the purpose of this research is to carry out wet separation of ASTM Class F brown coal fly ash using water and then examine the physical, morphological, chemical, and mineralogical properties of the separated parts of raw fly ash. Then, the paper is focussed on strength and durability of high volume cementitious mixtures when some types of the above parts are added to the mixture.
EXPERIMENTAL CAMPAIGN

Separation method
STM Class F brown coal raw fly ash produced by Počerady power plant of Czech Republic was used to carry out wet separation. Initially, 600 ml of water was added to a graduated 1000 ml glass cylinder followed by 400 grams of raw fly ash, making up a total volume of 800ml. After this, the resulting mixture was well shaken for about fifteen minutes manually and left at room temperature for duration of 4 hours. After such a time, three distinct layers of raw fly ash solution were observed, as shown in Fig. 1 . The particles of first layer were greenish grey in colour, including black particles which floated on the surface and comprised of about 10ml volume. Clear water of about 400ml was observed. The second layer is comprised of 250ml volume of greyish green particles of raw fly ash, and third layer is comprised of greyish black particles of 150ml volume. It was seen from the results of tests carried out that second and third layer varied from 40 to 60% of the volume. 
Tests to determine physical properties
Particle size analysis of raw fly ash and separated fly ash particles were carried out on Fritsch Analysette 22, a laser particle size analyser, using its wet dispersion unit. Density of raw fly ash, and its separated parts, was determined using helium Pycnometer, Pycnomatic ATC. Specific surface areas of raw fly ash, and its separated parts, were measured using BET method on PC-controlled volumetric gas-adsorption system Sorptomatic 1990. Optical images of particles were observed by using a Zeiss (Germany) Axio Imager optical microscope. Mercury intrusion porosimetry tests were carried out to measure the porosity of cementitious samples using Pascal 440 Porosimeter manufactured by Thermo scientific (USA). For moisture content determination, the cementitious specimens were fully saturated by fully immersing in water under vacuum for 24 hours. After fully saturating the specimens they were placed in the oven at 50 o C and were weighed at 1, 2, 7, 14, and 30 days to check the moisture difference.
Tests to determine morphological properties, chemical composition and mineralogical properties
In order to determine morphology of raw fly ash and its separated particles, images were captured by HE-SE detector on Merlin Carl Zeiss (Germany) field emission electron microscope (FE-SEM). Large / total area analysis were carried out to by using rectangular selection tool in EDX software AZtecEnergy in order to determine overall chemical composition up to thirty elements. Small area and point analysis were carried out by using point and irregular area selection tools in EDX software AZtecEnergy to determine chemical composition of thirty elements both in the individual raw fly ash and separated fly ash particles. Regarding the X-ray Diffraction (XRD) analysis used to determine the mineralogical composition; X-ray powder diffraction data were collected at room temperature with a Bruker AXS D8 θ-θ powder diffractometer with parafocusing Bragg-Brentano geometry using CoK α radiation (λ = 1.79021 Å, U = 34kV, I = 30 mA).
Tests to determine mechanical properties
Specimens of size 40 x 40 x 160 were prepared for flexural strength testing in accordance with ČSN ISO 4013 [35] , by employing a cement replacement of 60% by weight of raw fly ash, or second layer particles, or third layer particles at water to cement ratio of 0.4. For compression, half-broken specimens from flexure test were used in accordance with ČSN ISO 1920 [36] . Mixture was prepared in accordance with ČSN EN 480-1 [37] and, after preparation, specimens were cured in an environmental chamber at a constant temperature of 22 o C, with relative humidity of 50% up to 90 days. During flexural testing, load and deflection of the specimens were measured. Vicat apparatus was used to carry out measurements of compliance by means of setting time measurements in accordance with ČSN EN 196-3 [38] .
Tests to determine the mixture behaviour under harsh environments
Non-standardized rapid chloride penetration tests were carried out to determine the mixture behaviour under harsh environments which is slightly different from that of ASTM C1202 [39] . The apparatus of this test consisted of electromigration chamber with two compartments filled with a 3% NaCl solution on the negative end and with 0.3 M NaOH solution on the positive end.
RESULTS AND DISCUSSION
Physical properties
s is well known, particle size indicates performance and quality of powders, suspensions, emulsions, and aerosols and has strong influence on mechanical properties of concrete [40] . Therefore particle size distribution (Fig. 2) was carried out to determine the measures of central tendency. Median diameter, d 50 , is regarded as a useful measure in comparing particle sizes of distributions. Tab. 1 shows that particles of second layer are finer than raw fly ash and third layer, but coarser than cement particles, whereas third layer particles are the coarsest. 
A
Upper limit diameter, d97, listed in Tab. 1, is a useful measure to determine the upper limit of particle size distribution and is used by industries dealing with powdery materials [41] . The table shows that d97 of second layer is lesser than that of raw fly ash and third layer, but larger than that of cement, which is an indication that second layer particles are finer for even the upper limit of particle sizes. Comparison of densities for cement, raw fly ash, second layer, and third layer is also presented in Tab. 1, which shows that cement has the highest density followed by third layer, raw fly ash, and second layer. Density of raw fly ash is more than second layer and lower then third layer, but closer to the second layer, which indicates that second layer particles are present in larger quantity in raw fly ash, nearly 55-60% against the 35-40% of the third layer particles. Specific surface areas of raw fly ash, second layer, and third layer presented in Tab. 1, showing that second layer particles have 100% larger specific surface area compared to that of raw fly ash particles, and 73% larger specific surface area compared to cement particles. Therefore, second layer particles have lesser particle size, lesser density, and more specific surface area as compared to raw fly ash and third layer particles. Optical microscopic images were observed at 10 X magnification as shown in Fig. 3 . As it can be noted in Fig. 3(a) raw fly ash particles consist of solid spherical, hollow spherical, and slaggy particles of various sizes ranging from 7.6 to 16.7 µm, 23.8 to 148 µm, and 63 to 505 µm, respectively. The first layer particle (Fig 3(b) ) consists of mostly hollow spheres of sizes varying from 20 to 80 µm, whereas few solid spherical particles of almost the same size as hollow spherical particles. First layer particles are well known as cenospheres [42] . The second layer particles (Fig. 3(c) ) consist of very fine rounded slaggy particles of size 8 to 30 µm, spherical particles of size 5 to 40 µm, and few hollow spherical particles of size 70 to 158 µm. The third layer particles (Fig. 3(d) ) consists of mostly compact slaggy particles of measured sizes ranging from 27.2 to 566 µm, and few solid spherical particles of measured sizes 15.1 to 77.4 µm. To determine the porosity in each specimen it is necessary to determine the type of pores that exist in the hydrated cementitious specimens. Mercury intrusion porosimetry is well known method to determine pore size distribution of specimens and it was carried out to determine porosity of raw fly ash, second layer, and third layer cementitious specimens as shown in Fig. 4(a) . Fig. 4(b) shows differential pore size distribution curves which are obtained by differentiating the curves in Fig. 4(a) . In Fig. 4(b) it can be seen that samples containing raw fly ash, second layer, and third layer particles show the maximum concentration of pores at critical diameters of 0.065, 0.055, and 0.022 µm with differential peak volumes of 0.011, 0.018, and 0.011 cm 3 /g. Fig. 4(c) shows the moisture content exuded/discharged by the fully saturated specimens of raw fly ash, second, and third layer while in the oven. It can be seen in such a figure that as the age of drying is increased for fully saturated specimens, moisture is rapidly exuded by the specimens and after 14 days of drying the moisture curves are seen to be flat which means all moisture is discharged up to 14 days. It is seen here as well that specimens containing third layer particles exuded more moisture as compared to specimens having raw fly ash and second layer particles in them, because second layer particles are more tightly packed due to smaller particles, larger surface area, and spherical shape of particles [43] . Figure 5 : Energy Dispersive X-ray Spectrometry (EDX) large area analysis for: raw fly ash at 75 X magnification (a) and at 500 X (b); second layer at 75 X magnification (c) and at 1.5 KX (d); third layer at 75 X magnification (e) and at 500 X magnification (f).
Morphological properties, chemical composition and mineralogical properties
Field emission electron microscope was used to determine the morphology of individual submicron and ultrafine particles present in the raw fly ash, second layer, and third layer particles (Fig.5) . From FE-SEM images in Fig. 5 (a) and (b) it can be observed that raw fly ash consists of micron, submicron and ultrafine size particles. FE-SEM images in Fig. 5(c) show that second layer particles consists of majority of submicron and ultrafine (<1µm) particles. In Fig. 5 (d) submicron to ultrafine (<1µm) size particles can also be observed. Fig. 5(e) shows FE-SEM images of third layer particles consisting in much bigger in size as compared to those of second layer particles. In Fig. 5(f) it can be seen that particles of third layer contain significant amount of bright particles [44] , which are absent in the images of second layer. FE-SEM images of Fig.  5(a) , (c), and (e) were carried out in which maximum area at lowest possible magnification was covered in electron microscope in order to determine chemical composition of specimens, listed in Tab Table 2 : Chemical composition from Energy Dispersive X-ray Spectrometry (EDX) analyses for raw fly ash, second layer particles, and third layer particles. Using EDX analyses, individual particles in raw fly ash of Fig. 5 (b) were analysed with small area and point analyses for the composition of Si, Al, Fe, Ca and other twenty seven elements present in them. Ternary Si-Al-Fe diagram for raw fly ash, second layer, and third layer particles are shown in Fig. 6(a) -(b) . Similarly ternary diagrams were plotted to compare the ratio of percentages of Si, Al, and Ca for raw fly ash, second layer, and third layer particles as shown in Fig. 6(c) -(d) . 
Mechanical properties
Specimens were prepared with 60% cement replaced with raw fly ash, 60% cement replaced with second layer, and 60% cement replaced with third layer. Specimens prepared with pure cement developed cracks due to high heat of hydration and gave inappropriate results: therefore their results are not included in this paper. Flexural and compressive strengths were tested at 7, 14, 28, and 90 days as shown in Fig. 7(a) and (b) . Load-deflection relationships were developed for specimens at 90 days only as shown in Fig. 7(c) . Fig. 7(a) shows that as the age of specimens increase, flexural strength of all three types of samples increase. However the flexural strength increase for third layer particles is 20% more than that of raw fly ash, and second layer particles. The reason for 20% more flexural strength of third layer particles can be attributed to the compact angular fibre type morphology of third layer particles which resist flexural load more than spherical particles [45] [46] . The reason of trend of strength curve of second layer is due to its glassy particles rich in active silica and amorphous content which produces more hydration products as compared to raw fly ash and third layer particles. It can be seen from Fig. 7 (b) that as the age of all cementitious samples increase the compressive strength increases. Till 14 days age of specimens, much differences in compressive strengths are not seen for all the specimens. However as the age of specimen's increases, the compressive strength curve for second layer becomes steep and shows that hydration of second layer particles continue to produce additional C-S-H gel which gives 7% more compressive strength to it at the age of 90 days, as compared to raw fly ash particles. Whereas it can also be seen that hydration of particles of third layer slows down and its samples show less compressive strength at the age of 28 and 90 days as compared to raw fly ash and second layer samples. The reason for strength gain of samples as age of specimens increase is because in the mixtures as the cement particles start reacting with water and they produce calcium silicate hydrates and calcium hydroxides while silica and alumina in raw fly ash, second, and third layer particles react with calcium hydroxide to form additional calcium silicate hydrates and calcium aluminate hydrates which starts to give strengths mainly at and after 28 days [20] [21] . However, the reason for which samples containing second layer particles show more compressive strength is because second layer particles have small particle size and large surface area which makes them reacts abruptly in cementitious mixtures to produce hydration products as compared to samples containing raw fly ash and third layer particles. Fig. 7 (c) shows load -deflection relationship when the specimens are tested in flexure at 90 days. Here it can be seen that samples of third layer particles have more flexural load taking ability and deflect more as compared to raw fly ash and second layer particles. The reason of this is because angular particles of third layer create better interlocking between particles which improves the strength and therefore large deformations occur [47] . Fig. 7(d) shows the curves between vicat needle penetration and setting time of paste for pure cement, 60% raw fly ash replaced with cement, 60% second layer replaced with cement, and 60% third layer replaced with cement. It can be seen here that vicat needle penetration which is an indication of the hardening or setting of cementitious pastes [48] is seen to be lowest with time for cement paste, which indicates that initial and final setting times of cement is lower than that of raw fly ash, second layer, and third layer containing cementitious pastes. Whereas third layer paste show lower setting time as compared to raw fly ash and second layer but more setting time as compared to cement paste. Second layer particles show more setting time as compared to cement, third layer, and raw fly ash pastes. The reason for increase of setting times of raw fly ash paste mixture as compared to cement paste mixture is that when the raw fly ash is replaced with cement, the concentration of cement particles decrease and the distance between the particles of cement increase, along with it lesser hydration products are formed, so both factors contribute to an increase in the setting time of raw fly ash paste mixture [49] . Whereas second layer comparatively finer particles fill in the voids between the cement particles and decrease further the concentration of cement in the second layer paste mixture and thus increase the setting time more as compared to raw fly ash paste [50] . The third layer particles have relatively large size of particles which lack finer particles in them and replacing cement with third layer particles in third layer cementitious paste firstly decreased the concentration of cement particles as compared to pure cement paste sample but cement also filled in the pores within third layer particles and cement concentration increased as compared to raw fly ash particles therefore as compared to raw fly ash paste third layer paste show decrease of setting time.
Further it can be seen in Fig. 7 that raw fly ash specimens showed properties that were closer to the second layer samples as compared to the third layer samples because raw fly ash particles, as seen in Fig. 1 , were found to contain up to about 55-60% second layer particles and up to 35-40% third layer particles. Fig 8 shows the graph between charge passed through a 50 mm cementitious sample vs time measured, when the specimens were exposed to 3% NaCl and 0.3 M NaOH solution on the negative and positive ends of a 20 V DC supply. It can be seen here that as the time increased from 0 to 48 hours, more charge passed through all the samples. However in 48 hours the charge passed through the third layer samples was the highest and lowest charge passed was recorded through second layer samples as compared to samples containing raw fly ash particles. The high permeability of samples containing third layer particles seen in Fig. 8(a) is due to the fact that the third layer particles contains very large angular particles, in which small size rounded particles are missing and when angular particles are packed together they create porosity in them. However, the second layer particles are more rounded particles which pack more tightly together and thus lesser charge passes through them as compared to samples having third layer angular particles [43] . Chloride concentration profiles per gram of the specimens are plotted versus their average depths in Fig. 8(b) . Here it can be seen that samples containing third layer particles show high concentration of chlorides at depths between 2.5 and 17.5 mm as compared to samples containing raw fly ash and second layer particles. It is further seen that chloride penetrates the third layer particles till the depth of 17.5mm, whereas in samples having raw fly ash and second layer particles chlorides penetrate till depth of 12.5mm. 
Behaviour under harsh environment
CONCLUSION
n this research wet separation of brown coal raw fly ash from Počerady power plant of Czech Republic was carried out using water. Physical, morphological, chemical properties of separated parts were tested, and mechanical behaviour, durability in high volume cementitious mixtures were tested which leads to the following conclusions: 1. Three layers of raw fly ash were formed as it was added and mixed in water; particles of first layer which floated on the surface of water constituted of only about 1-5% of raw fly ash. 2. Second layer of particles were found to be finer particles as compared to raw fly ash. They consisted of mostly porous glassy spherical and rounded particles of submicron to ultrafine size rich in Si and Al while having very less contents of Fe in them. 3. The cementitious mixtures of second layer particles showed 7% increase in compressive strength as compared to raw fly ash cementitious mixtures and cementitious second layer specimens showed lesser chloride permeability and more resistance to ingress of chlorides. 4. Third layer particles were found to be coarse particles as compared to either second layer or raw fly ash particles.
Morphologically third layer particles consisted of compact and large slaggy particles of several hundred microns size, rich in Si, Al, Fe, and heavy transition metals. 5. Cementitious mixtures of third layer particles showed 20% more flexural strength with large deformations as compared to cementitious mixtures of raw fly ash particles. Compressive strength was reduced and penetration of chlorides was found to be more as compared to raw fly ash.
